Study Design. A biomechanical study using human spine specimens.
A djacent segment pathology (ASP) in the cervical spine refers to the development of new radiculopathy or myelopathy of a spinal segment superior or inferior to a previous fusion. [1] [2] [3] [4] The rate of developing new symptoms secondary to ASP after cervical fusion surgery ranges from 1.6% to 4.2% per year. 5 There is level III evidence that ASP is more frequent in patients with kyphotic fusion. [6] [7] [8] [9] Recently, Park et al 10 reported that postsurgical malalignment may affect the development of ASP requiring surgery. These authors used plumblines drawn from C2 and C7 and the location of the fusion mass relative to these lines to assess postoperative sagittal alignment. However, as preoperative assessment of sagittal alignment was not done, it was unclear whether From the the malalignment was a causative factor or a consequence of the degenerative disease. 11 The horizontal offset distance between the C2 plumbline and C7 vertebral body (C2-C7 SVA) or the angle made with vertical by a line connecting the C2 and C7 vertebral bodies (C2-C7 tilt angle) are used as radiographic measures to assess cervical sagittal balance (Figure 1) . [12] [13] [14] Factors causing C2-C7 SVA to exceed normative values include kyphotic alignment of cervical segments and high T1 sagittal inclination secondary to thoracic hyperkyphosis or lumbopelvic malalignment. Figure 2A shows the postoperative radiograph of a 75-year-old female with spondylotic myelopathy who underwent C3-C7 fusion in poor alignment (excessive C2-C7 SVA). Figure 2B shows breakdown of C7-T1, 6 years following surgery.
In this laboratory study, we measured the effects of increasing C2-C7 tilt angle or SVA on angular alignments and disc pressures adjacent to an in situ two-level cervical fusion using a previously reported laboratory model for investigating postural consequences of cervical sagittal imbalance. 15 We assessed whether the presence of cervical sagittal imbalance is an independent risk factor for increasing the mechanical burden on discs adjacent to cervical fusions and may therefore contribute to the risk of ASP.
MATERIALS AND METHODS

Specimens
We used 13 human cervical spine specimens of adult donors (Occiput-T1; mean age: 50.6 years; range: 21-67 years).
Each disc was scored on the basis of magnetic resonance imaging (MRI) scans using a five-point degeneration scale. 16 Grades I to III were considered low-level degeneration and Grades IV and V moderate to severe degeneration.
Experimental Set-Up
Specimens were tested using a previously validated laboratory model that allowed independent, controlled adjustment of T1 sagittal inclination and anterior head offset relative to the T1 vertebra (C0-T1 SVA). 15 The cup holding the T1 vertebra was attached to base of the apparatus ( Figure 3A) . A linear bearing allowed cranial-caudal motion of the occiput. A 5 kg mass was attached to the occiput to mimic the weight of an average-size head.
The sagittal inclination of the occiput was fixed such that it was consistent with horizontal gaze regardless of prescribed sagittal imbalance. As the specimens did not include intact cranium, the determination of horizontal gaze was made on the basis of the orientation of foramen magnum. Been et al 17 measured the orientation of foramen magnum (line joining the basion and the opistion) on true lateral cervical radiographs of 74 subjects standing straight with a forward gaze. They reported the foramen magnum is oriented to horizontal plane by 10.28 AE 6.78, facing caudally and slightly anteriorly. Others have reported values ranging from 3.48 AE 6.58 to 8.28 AE 6.58. 18, 19 In the present study, we used fiduciary markers attached to the occiput to determine the inclination of the foramen magnum. Briefly, five small radiopaque spheres were attached to the occiput and a 3D-computed tomography (CT) reconstruction of the occiput was performed. The foramen magnum was defined in relation to the fiduciary markers in the CT reconstruction. During the specimen setup in the apparatus, the radiopaque marker locations were probed and used to orient the occiput relative to the horizontal plane. 20 Vertebral motions were measured using an optoelectronic motion measurement system (Optotrak Certus; Northern Digital, Waterloo, Ontario, Canada), which tracked infrared-light emitting targets attached to the occiput and vertebrae ( Figure 3B ). Intradiscal pressures (IDPs) were measured at C3-C4, C4-C5, C5-C6, and C6-C7 discs using pressure transducers (060S; Precision Measurement Co., Ann Arbor, MI) ( Figure 3C ). Forces and moments at the base of the spine were measured using a six-component load-cell (Model MC3A-6-250; AMTI, Watertown, MA).
Protocol Steps
Each specimen was tested first in the native intact state and after in situ two-level fusion across C4-C6.
Baseline Segmental Range of Motion (ROM) Assessment
The specimen was fixed to the apparatus with T1 attached to the base but without constraining the occiput. The flexibility of the intact specimen was measured by manually flexing and extending it in the sagittal plane under maximum moments of AE2.0 Nm measured at the base of the specimen. This enabled assessment of motion reserve available in various segments to compensate for prescribed sagittal malalignments.
Response of Intact Specimen to Increasing C0-T1 SVA Next, the occiput was constrained as described earlier and the 5 kg mass was attached. The nominal value of T1 sagittal inclination was set to 238 and the nominal C0-T1 SVA set to 2.0 cm. Specimen-specific adjustments were made in order to keep the moment values in the specimen's neutral posture below AE0.2 Nm. 15 Beginning with the intact specimen, the magnitude of C0-T1 SVA was increased and changes in angular and translational alignments of C1-C7 vertebrae were measured using optoelectronic sensors, as the cervical segments accommodated the increasing anterior head offset while maintaining horizontal gaze. IDP values were recorded at the four discs instrumented with pressure transducers. The test was stopped when the moment measured by the load-cell placed beneath T1 reached a limit of 3 Nm. This stopping criterion was used to minimize the risk of soft tissue damage that may occur due to repeated testing.
21,22
Response of Specimen to Increasing C0-T1 SVA After In Situ Two-level Fusion Next, an in situ two-level fusion was simulated across C4-C6, without altering the angulation across C4-C6 from the intact state. Motion sensors attached to each vertebra facilitated this step.
In specimens 1 to 7, we used a previously validated external fixator apparatus attached to C4-C5-C6 vertebrae, resulting in a ''360 stabilization'' construct (Figures 3 and 4A). 21 In specimens 8 to 13, C4-C6 laminectomy was performed and the C4-C5 and C5-C6 segments were instrumented using lateral mass screws and rods ( Figure 4B ).
Following instrumentation, C0-T1 SVA was increased and changes in segmental alignments and IDPs at C3-C4 and C6-C7 were measured. The postfusion specimen could not accommodate the same C0-T1 SVA increase as the intact spine; the stopping criterion of 3 Nm moment at the base was reached at a smaller value of C0-T1 SVA.
Data Analysis
Range of Motion
The segmental angular ROM in flexion-extension corresponding to moments of AE2.0 Nm was obtained by analyzing the Optotrak sensor data. 23 
Postural Response to Prescribed Sagittal Imbalance
The changes in angular and translational alignments at each segment from C0-C1 to C7-T1 in response to increasing C0-T1 SVA were calculated by analyzing the Optotrak sensor data. These data were used to calculate the changes in C2-C7 SVA. In addition, the angle made with the vertical by a line joining the C2 vertebral body center and posterior corner of the C7 superior endplate (C2-C7 tilt angle u, Figure 1 ) was used as another measure of cervical sagittal alignment. This angle takes into account the effect of variability in specimen height on the SVA calculations. Therefore, the C2-C7 tilt angle was used as the independent variable in subsequent analyses.
Statistical Analysis
Normality of data was checked using the KolmogorovSmirnov test (Systat, Chicago, IL). All data sets were normally distributed (P > 0.05). The changes in outcome measures resulting from two-level fusion (termed ''Fusion Effect'') were evaluated for the same increase in C2-C7 tilt angle over 13 specimens. The slopes of the linear approximations to the relationship between fusion effect and change in C2-C7 tilt angle (Du) were statistically compared with a value of zero to assess whether Du significantly influenced the effect of fusion on adjacent discs. Statistical significance was set at two-tailed a ¼ 0.05.
RESULTS
Segmental Motion Reserve
The average disc degeneration grade ranged between 2 and 3, indicating mild degenerative changes ( Table 1 ). The total flexion-extension angular ROM of the C0-T1 spine averaged 71.98 AE 11.78 for a moment range of AE2 Nm ( Table 2 ). The largest ROM was observed at C0-C1 (17.48 AE 6.98), followed by C4-C5 (11.08 AE 3.28) and C5-C6 (10.68 AE 3.38).
Cervical Sagittal Alignment in the Neutral Posture
The alignment parameters that defined the upright posture with horizontal gaze were as follows: The foramen magnum made an angle of 7.58 AE 6.48 with respect to the horizontal. The sagittal tilt of the T1 vertebra (T1 tilt) averaged 25.88 AE 7.18 and C2-C7 SVA was 20.8 AE 7.3 mm. The lordosis across C0-C2 equaled 19.68 AE 10.68 and the C2-C7 lordosis was 9.48 AE 10.48. 
Response to Increasing C2-C7 Tilt Angle
In intact specimens, as C2-C7 tilt angle (u) increased while maintaining horizontal gaze, the lower cervical segments (C4-C7) flexed while C0-C1 and C1-C2 segments extended ( Figure 5A , blue bars). Figure 5A shows changes in segmental angles for an increase in C2-C7 tilt angle (Du) of 6.88 from the neutral posture of each specimen. This value of Du was selected for comparing posture and pressure data before and after fusion, as all 13 specimens were able to tolerate an increase of at least 6.88 in C2-C7 tilt angle. This Du value corresponded to an average increase in C2-C7 SVA of 10.3 AE 1.4 mm from the specimens' neutral posture.
Fusion across C4-C6 effectively immobilized the segments compared with intact (P < 0.001). As the C2-C7 tilt angle was increased (Du ¼ 6.88), the segmental angle at the instrumented C4-C5 and C5-C6 segments changed by 0.148 AE 0.118 and 0.198 AE 0.158 ( Figure 5A , red bars). The immobilization achieved by the external fixator construct (specimens 1-7) was not different from that achieved by the lateral mass screws-and-rods construct (specimens 8-13) (P ¼ 0.73 and P ¼ 0.48 for C4-C5 and C5-C6, respectively). Therefore, data from both groups of fused specimens were combined and analyzed as one group (n ¼ 13).
Fusion across C4-C5-C6 segments required greater amount of flexion at the adjacent C3-C4 and C6-C7 segments than the pre-fusion state in order to accommodate the same increase in C2-C7 tilt angle ( Figure 5A ). The ''fusion effect'' (shown with brackets in Figure 5B , C for specimen 
Each disc was scored on the basis of MRI scans using a 5-point disc degeneration scale. 15 Grades I-III were considered low-level degeneration, while Grades IV and V were considered moderate and severe degeneration, respectively. #9) was significant at the C3-C4 and C6-C7 segments, superior and inferior to the C4-C6 fusion, for Du ¼ 6.88 (P < 0.05).
We further investigated whether the fusion effect (increase in adjacent segment flexion angulation following fusion) became greater with increasing C2-C7 tilt angle. Linear regression was used to find the slopes of the ''best fit'' linear approximations to the ''fusion effect vs. Du'' data for the adjacent C3-C4 and C6-C7 segments individually for each specimens (shown in Figure 5D , E for specimen #9). The mean value of the slope for each level, averaged over all 13 specimens, was statistically compared with a slope of zero (Table 3) . A slope that is significantly different from zero indicated the C2-C7 tilt angle independently influenced the effect of fusion on adjacent segment angular alignment. This was the case at both C3-C4 and C6-C7 segments, above and below the fusion (P < 0.05). Figure 6A shows the increase in IDP at C3-C4 and C6-C7 for the same C2-C7 tilt angle increase from the neutral posture of each specimen; the changes in IDP in the prefusion state are shown by blue bars, whereas the changes after in situ C4-C6 fusion are shown by red bars. The IDP at C6-C7 tended to have a larger increase after C4-C6 fusion when compared to the pre-fusion state for the same increase in C2-C7 Tilt Angle (Du ¼ 6.88) (P ¼ 0.062). The effect of fusion on change in IDP at C3-C4 had substantial variability and was not statistically significant (P ¼ 0.115). We investigated whether the increase in adjacent segment IDP following fusion (''Fusion Effect,'' shown with brackets in Figure 6B , C for specimen #9) became greater with increasing C2-C7 tilt angle. The slopes of the regression lines for each of the two adjacent levels (shown in Figure 6D , E for specimen #9), averaged over all specimens, were statistically compared with a value of zero (Table 4 ). The IDP increase at the adjacent C6-C7 segment below the fusion became greater with increasing C2-C7 tilt angle (P ¼ 0.003).
DISCUSSION
This study suggests that sagittal imbalance may play a role in increasing disc loading adjacent to an in situ two-level cervical fusion. In this laboratory model, as C2-C7 tilt angle (u) (or C2-C7 SVA) was increased while maintaining horizontal gaze, the C4-C7 segments flexed while C0-C2 segments extended. When compared with the pre-fusion state, in situ two-level fusion across C4-C6 subjected the C6-C7 segment below the fusion to increased flexion and IDP in order to accommodate the same increase in C2-C7 tilt angle. The results further demonstrated that this increase in the subjacent segment mechanical burden became greater with increasing C2-C7 tilt angle or SVA.
We used a laboratory model incorporating cadaveric specimens to investigate the influence of cervical spine imbalance on the mechanics of the cervical spine. The sagittal posture of a cervical spine can be defined using three parameters, for example (1) tilt of the C7 (or T1) vertebra; an abnormal value of T1 tilt is a consequence of the thoracolumbo-pelvic malalignment; (2) the horizontal offset distance between the C2 and C7 vertebrae (i.e., C2-C7 SVA), which is a measure of the severity of forward head posture; and (3) the lordosis angle between the occiput (C0) and the bottom endplate of C2 (C0-C2 lordosis). The apparatus allowed independent adjustments of T1 tilt and the anterior head offset relative to the base of the cervical spine. The angular alignment of the occiput was constrained to remain fixed and consistent with horizontal gaze. Together, these parameters determined the tilt of the C2 vertebra, and thus the lordosis angles across C0-C2 and C2-C7. A previously published study using this experimental apparatus made predictions concerning cervical postural changes that a patient may make in order to compensate for increasing C2-C7 SVA or increasing kyphotic T1 tilt. 15 These predictions corresponded well with the radiographic observations in the literature and experience of clinicians who treat patients with pain secondary to sagittal malalignments of the cervical spine. Therefore, we firmly believe that the laboratory model used in the present study is indeed a validated tool that can be used to study the influence of cervical spine malalignments on the mechanics of the cervical spine.
A number of biomechanical studies have investigated the mechanics of ASP after single-and multi-level fusions. [24] [25] [26] [27] [28] [29] [30] [31] These studies followed a displacement-control testing protocol, wherein the specimens were subjected to the same degrees of angular ROM postfusion as pre-fusion. Under this test condition, the above studies demonstrated significantly increased angular ROM above and below the fused segments. A few studies also noted increased intradiscal pressures in both the superior and inferior segments adjacent to one-and two-level fusions. However, no prior study has looked at the influence of cervical sagittal imbalance on adjacent segment biomechanics after multilevel cervical fusions, and none has demonstrated the role of sagittal imbalance as an independent risk factor in influencing adjacent segment pathomechanics.
The present study also follows a displacement-control protocol; however, there are two important distinguishing features between our study and the previous biomechanical studies. First, our specimens included all cervical segments from occiput to T1. The suboccipital (C0-C1-C2) segments contribute nearly 40% of total cervical motion in flexionextension 32 and have the ability to compensate for the motion lost due to multi-level fusion of subaxial segments. Therefore, not including these two segments in the test specimen, particularly in a displacement-control setting, can lead to misleading results regarding adjacent segment effects of cervical fusion. Second, the control variable in the present study was C2-C7 tilt angle, a measure of sagittal alignment of the head over the shoulders, as opposed to the angular ROM of C2-C7 specimens that was used as the displacement-control variable in previous biomechanical studies. This might explain the different response we observed in the C3-C4 segment, above the C4-C6 fusion when compared with the previous studies. With increasing C2-C7 tilt angle, the lower cervical segments flex while the suboccipital segments extend in order to maintain horizontal gaze. The C3-C4 segment tends to be the transitional level and often does not undergo much alignment change in response to increasing C2-C7 tilt angle, 15 leading to a large variability in the C3-C4 angular alignment ( Figure 5A ) as well as IDP responses ( Figure 6A) .
We believe that the increased mechanical burden on adjacent segments is only one piece of the complex puzzle of ASP after cervical fusion surgery. The ''health'' of the adjacent segment will influence its ability to successfully adapt to the increased loading demands. This concept is consistent with the consensus statement resulting from a systematic clinical review that states: ''The risk of developing adjacent-level symptoms may be increased if disc protrusion, disc degeneration, or cord effacement is present at C5-C6 and or C6-C7 and if those levels are adjacent to the planned surgical level.'' 5 Further, although a three-level fusion is likely more mechanically demanding on the adjacent segment than a 2two-level fusion, the potential for developing ASP may actually be lower in three-versus twolevel fusion if the segments at ''risk'' have already been incorporated in the fusion. 33 The conclusions drawn from this study should be interpreted in the context of its limitations. Individual muscles were not represented in this laboratory model due to the lack of prior data on how individual muscles behave in the presence of cervical sagittal imbalance. Muscle imbalance combined with increased flexed posture probably increases the shear forces, which may be damaging to the integrity of the discs above and below the fusion. As we improve our understanding of the role of muscles in initiating and stabilizing cervical spine deformities, it will be possible to refine this initial experimental model in order to better understand the effect of muscles on adjacent segment loading. It is worth noting, however, that in spite of the lack of a representation of individual muscles in the cadaver experiment, the postural compensations predicted by the cadaver experiment in response to prescribed sagittal imbalance agree well with the observations of clinical radiographic studies.
In vivo biomechanical studies of ASD are imperfect. Malakoutian et al 34 in a recent review paper concluded: ''There are clearly many challenges in conducting in vivo studies of ASD . . . These include topics such as study design, patient selection, and analysis of kinematic data . . . Possibly, the most challenging element in measuring spinal kinematics with respect to ASD is obtaining reliable measurements in patients.'' Malakoutian et al 34 go into considerable detail and provide numerous references in their recent paper about the difficulties in obtaining reliable in vivo data. In weighing the limitations and advantages offered by a laboratory model of sagittal imbalance, we contend that it offers a novel and controlled approach to understand the pathomechanical basis of patient symptoms associated with cervical sagittal malalignments.
In order to study the effect of multilevel cervical fusions, we combined the results from two independent studies, one that used an external fixator device and the other lateral mass screws and rods to simulate fusion. Although the implants used were different, both constructs resulted in comparable levels of immobilization across C4-C6 as documented in the results. Further, the test methodologies were identical, allowing us to combine the results of fusion from the two studies, thereby increasing the sample size.
Although a direct link between increased disc loading and radiographic or clinical degeneration has not been established, the presented data suggest that sagittal imbalance plays an independent role in exacerbating adjacent disc pathomechanics after multilevel fusion.
In the current study, the C4-C6 segments were fused in neutral (in situ) alignment. Further studies will be required on the adjacent level effects of fusing segments in kyphotic or hyperlordotic alignment, in the presence of cervical sagittal imbalance. Such studies will help to guide surgeons when planning fusion procedures in the presence of sagittal imbalance and whether the regional and/or global spinal imbalance should be dealt with, in addition to the index pathology. In the meantime and in the light of the current study's findings, the implications of sagittal imbalance on the segments adjacent to a proposed fusion should be considered when planning surgery.
CONCLUSION
Cervical sagittal imbalance arising from regional and/or global spinal sagittal malalignment may play a role in exacerbating adjacent segment pathomechanics after multilevel fusion and should be considered during cervical fusion surgical planning.
Key Points
The study investigated the effects of in situ twolevel cervical fusion on adjacent segment biomechanics in the presence of cervical sagittal imbalance.
Human cervical spine specimens were tested in a previously validated laboratory model that allowed measurement of spinal response to prescribed imbalance. Effects of fusion on segmental angular alignments and intradiscal pressures in the C3-C4 and C6-C7 discs, above and below in situ C4-C6 fusion, were evaluated at different magnitudes of C2-C7 tilt angle (or C2-C7 SVA). When compared with the pre-fusion state, in situ fusion across C4-C6 required increased flexion angulation and resulted in increased IDP at the C6-C7 disc below the fusion in order to accommodate the same increase in C2-C7 tilt angle. The adjacent segment mechanical burden due to fusion became greater with increasing C2-C7 tilt angle or SVA. Cervical sagittal imbalance may play a role in exacerbating adjacent segment pathomechanics after multilevel fusion and should be considered during surgical planning.
